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Abstract
Machining is one of the more widely used manufacturing processes in the industry, for this reason, several studies have 
focused on predicting the effect of variables related to it. In this work, the effect of the equivalent plastic displacement on the 
orthogonal cutting process, using coupled Lagrangian–Eulerian (CEL) analysis was studied. The workpiece was considered 
Eulerian solid material to simulate its interaction with the cutting tool and thus, predict material separation and chip morphol-
ogy. In the present model, the chip morphology was evaluated in terms of the equivalent plastic displacement, segmented 
chip formation was achieved without the necessity to apply a method of mesh separation and undeleting elements during 
the calculation solution, which represents an important advantage over the purely Lagrangian method. Additionally, the cut-
ting forces, contact length, angle of the cutting plane, as well as stress, strain, and temperature distribution were obtained.
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1  Introduction

Variables prediction such as temperature, cutting forces, 
and stress distribution, play an important role in the opti-
mization of cutting parameters and tools design. These vari-
ables have been determined using experimental techniques 
involving long and expensive processes; hence, the finite 
element method (FEM) has become an important tool to 
predict material behavior. According to Özel and Davim 
[1] it is possible to establish a classification depending on 
the model description, based on the finite element method 
to simulate a cutting process: Lagrangian, Eulerian, arbi-
trary Lagrangian–Eulerian (ALE), and extended arbitrary 
Lagrangian–Eulerian finite element modeling (X-ALE-
FEM). In a Lagrangian analysis, the mesh is distorted as 
long as material deformation, while in an Eulerian analysis, 

the mesh is fixed in space. The Lagrangian formulation 
has been used mainly to study the current process [2–4]; 
this requires remeshing techniques to achieve material 
flow simulation around the tool during cutting, through 
elements deletion when failure criterion is reached, crack 
generation and chip formation are simulated [5]. The ALE 
technique combines the characteristics of a Lagrangian and 
Eulerian analysis and avoids remeshing for models where 
large deformations are required; for this reason, it is suit-
able for orthogonal cutting processes [1, 6]. On the other 
hand, it has been established that modeling chip morphol-
ogy depends on some parameters such as friction coef-
ficient, damage parameters, cutting speed, cutting depth, 
and feed, among others [7–11]. A precise chip morphology 
is important because it states the cutting process stability, 
and it helps in well understanding and improving machined 
surface integrity [12]. A new computational technique 
has been presented, based on the extended finite element 
method (X-ALE-FEM) in large plasticity deformations[13] 
and plasticity forming of powder compaction [14]. An ALE 
technique is employed to capture the advantages of both 
Lagrangian and Eulerian methods and alleviate the draw-
backs of the mesh distortion in the Lagrangian formulation. 
In order to remove the limitation of the mesh conforming 
to the boundary conditions in the simulation, the X-FEM 
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was implemented by incorporating discontinuous fields 
through a partition of unity method. In order to demon-
strate the efficiency of the X-ALE-FEM technique in large 
deformations, several numerical examples were presented, 
and the results were compared with those of classical FE 
and X-FEMs [15].

This study uses the CEL (coupled Eulerian–Lagrangian) 
method available in ABAQUS®, to provide an alternative 
solution to the excessive deformation mesh problem where 
damage criterion, energy, and a standard Coulomb model 
are sufficient [12, 16] and do not require a criterion of mesh 
separation and elements deletion to simulate chip formation 
[17–20]. The conventional Johnson–Cook damage param-
eters for an AISI 1045 steel and damage evolution were 
specified in terms of the equivalent plastic displacement. 
Hence, the objective of this paper is to correlate the equiva-
lent plastic displacement with chip morphology during the 
orthogonal cutting process to provide a framework focused 
on understanding the orthogonal cutting process and cor-
relating modeling parameters to improve simulation results.

2 � Modeling methodology

The workpiece was considered a deformable Eulerian 3D 
solid and cutting tool as a deformable 3D solid restricted as 
a rigid body, with a thickness of 2 mm. Model geometry and 
assembly are shown in Fig. 1, cutting depth and cut length 
were 0.3 mm, and 3 mm, respectively, reproducing the oper-
ating conditions used by Artozoul et al. [21]. As boundary 
conditions, the workpiece base and left side were encastre; 
all the model was restricted in a z-direction (perpendicular 

direction to the plane presented in Fig. 1). Then, the Eule-
rian domain is divided into two regions: the one associated 
with the workpiece height with the material assignment and 
the upper region as an empty mesh; during the simulation, 
it is the region where the chip will grow during the material 
movement throughout the Eulerian mesh.

The Johnson–Cook model is shown in Eq. (1); it was 
used to calculate the thermomechanical behavior of an 
AISI 1045 steel; the values considered are shown in 
Table 1. Thermal and mechanical values related to a 1045 
steel are presented in Table 2.

where �p is equivalent strain, 
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m are material constants [22, 23].

To achieve the characteristic segmented chip geometry, 
it was used a failure criterion for the Johnson–Cook plas-
ticity model, which is suitable only for high strain rates 
of metals. The failure model is based on the equivalent 
plastic strain value in the element integration points. It is 
assumed that failure occurs when damage parameter D, 
presented in Eq. (2), exceeds 1.
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that these relationships are separable, as is shown in Eq. (3) 
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Fig. 1   Orthogonal cutting configuration, Eulerian domain, and tool 
assembly

Table 1   Constants of the 
Johnson–Cook model for AISI 
1045 steel [24]

A[���] B[���] n C m
.

�0[�
−1] T

m
[◦�] T0[

◦�]

553 600 0.234 0.0134 1.0 0.001 1460 20

Table 2   Thermal and mechanical properties of AISI 1045 steel [25]

Density 
�[��∕�3]

Young 
modulus 
�[���]

Poisson 
ratio �

Specific heat 
��[���−1 ◦�]−1]  

Conductivity 
�[�∕� ◦�]  

7800 200 0.3 474 55
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The damage parameters for an AISI 1045 steel are shown 
in Table 3.

When material damage occurs, the stress–strain relation-
ship no longer accurately represents the material’s behavior, 
then damage evolution was specified in terms of the equiva-
lent plastic displacement 

_

u
pl or fracture dissipation energy 

Gf  . The implementation of the stress-displacement concept 
in a finite element model requires the characteristic length 
definition of the element L , associated with an integration 
point. Fracture energy was defined by Eq. (4).
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The evolution of the damage variable with the equiva-
lent plastic displacement can be specified in tabular, linear, 
or exponential form. Instantaneous failure will occur if the 
plastic displacement failure is specified as 0, but it is not 
recommended because it causes a sudden drop in stress and 
can lead to dynamic instabilities.

In model 1, no failure criterion was used. In model 2, 
model 3, and model 4, a failure criterion was included to 
analyze its effect on the chip generation. Table 4 summarizes 
_

u
pl values used for different models.

(4)Gf = ∫
_

�
pl

f

_

�
pl

0

L�yd
_

�
pl
= ∫

_

u
pl

f

0

�yd
_

u
pl

Table 3   Damage parameters of the Johnson–Cook model for AISI 
1045 steel [27]

d1 d2 d3 d4 d5

0.05 4.42  − 2.73 0.0018 0.55

Table 4    
_

u
�� values for 4 models _

u
��

Model 1 No failure 
criterion

Model 2 400
Model 3 50
Model 4 25

Fig. 2   a Equivalent plastic strain, b Von Mises stresses [Pa], and c contact pressure during chip formation (model 1).
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It was assumed that 90% of strain energy transforms into 
heat [28, 29]. The tool was modeled as a non-deformable 
solid, and its thermal properties are presented in Table 5.

A temperature-displacement explicit dynamic analysis 
was performed within a period of 0.0012 s due to a cut-
off distance of 3 mm at 2.5 m/s speed applied in the tool 
reference point. A standard Coulomb friction model was 
used to simulate the contact effects at the tool-workpiece 
interaction [26]. Conductance was defined as a function of 
contact pressure, when pressure is zero, k = 0; when contact 
pressure is greater than zero, k increases considerably; this 
is to simulate perfect contact at the workpiece and the tool 
interface and to allow a faster increase in tool temperature 

[4], k = 6E6[W∕m2 ◦C] was proposed. The workpiece and 
cutting tool’s initial temperature was 20 °C.

The workpiece was modeled considering linear Eule-
rian hexahedral elements with 8 nodes thermally coupled 
(EC3D8RT); mesh size was 0.02 mm in the X and Y direc-
tions (thick mesh) for model 1 and model 3; one 2-mm-
length element in the Z-direction was considered. For model 
2 and model 4, a 0.01-mm-size mesh was used in X and 
Y directions. The mesh size variation was considered to 
observe correlation with chip geometric exactitude and com-
putational time. The cutting tool considered linear Lagran-
gian hexahedral elements with 8 nodes thermally coupled 
C3D8RT, mesh size at the attacking surface increases from 

Fig. 3   a Heat flow during cutting for model 1 W∕m2 and b tool temperature field.

Fig. 4   Chip formation (model 2); a plastic strain and b SDEG (stress degradation)
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0.001 to 0.01.4 mm as it moves away from the tip, and from 
0.001 to 0.02 mm to incidence surface.

3 � Results and discussion

Plastic strain distribution for model 1, presented in Fig. 2a, 
shows a shear zone with values around 1.5 mm/mm, and a 
homogeneous plastic strain distribution along the chip, show-
ing higher values on the contact region. A residual strain can 
be observed on the cutting surface, resulting in an increase of 

strength in this region. Figure 2b shows Von Mises stress dis-
tribution for model 1. The highest value was achieved in the 
shear zone, reaching 1.1 GPa; this indicates that material failure 
will occur either in the primary shear zone, or the material-tool 
contact zone. Since model 1 considers a non-failure criterion, 
even if stress values reach failure levels, the material fracture 
will not occur. Contact pressure obtained along the cutting pro-
cess (Fig. 2c) allows observing the contact area on the tool 
face increases as the cutting process begins; however, the latest 
stages of the process remain still, indicating the secondary shear 
zone and the place where the chip separation starts.

Fig. 5   Initiation of the segmented chip formation (model 3); a plastic strain, b damage variable and, c damage variable for segmented chip
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Figure 3a shows the heat flow; the highest value is at the 
primary shear zone due to heat generated during material 
deformation. Figure 3b shows that the calculated temperature 
distribution was close to the experimental temperature distri-
bution obtained by Artozoul et al. [21] with a relative error of 
about 11.2%; the highest temperature value is on the tool cut-
ting edge and the attacking surface; this region corresponds 
to secondary shear zone in the workpiece, where tempera-
ture increase is produced by sliding. Tool temperature field 
reveals that values in inner regions were found to be lower; 
this can be produced by tool speed, which reduces time and 
limits heat transfer. Numerical simulation time is very short, 
hence, there is not enough time to allow heat transfer in com-
parison with experimental cutting results, where the maxi-
mum temperature region spreads along the tool.

The Johnson–Cook parameters considered in model 2 
generated a continuous chip, shown in Fig. 4. Equivalent 

strain distribution (Fig. 4a) allows identifying shear band 
formation, while stress degradation (SDEG) values (Fig. 4b) 
indicate chip segmentation beginning; however, chip fracture 
does not continue through.

For model 3, failure criterion effects can be observed in 
Fig. 5, plastic strain distribution does not extend homoge-
neously along chip geometry, instead, concentrating on pri-
mary and secondary shear zones. Surface hardening on cut 
length can be also identified. The SDEG variable, shown 
in Fig. 5b, indicates global damage value D. Primary shear 
zone indicates that chip segmentation has started due to 
SDEG values reaching 1; chip fracture runs from the mate-
rial’s upper surface to the tool cutting surface, along the 
shear plane.

The secondary shear zone shows that material failure 
occurs at the chip and tool interface when deformation is 
generated due to friction between the tool and the material 

Fig. 6   Results of model 4 a VM stresses, b equivalent plastic strains, and c SDEG numerical simulation
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flow in the vicinity of the cutting surface. Damage criterion 
inclusion in model 3 led to a characteristic wavy chip mor-
phology presented in Fig. 5c. This sinusoidal variation in 
thickness is usually related to low cutting speed or machine 
vibrations; experimental variables are considered fixed.

The Von Mises stress fields and equivalent plastic strain 
distribution for model 4 are shown in Fig. 6a and b, respec-
tively. The highest stress values appear in the primary and 
secondary zone of deformation with values around 1.1 GPa 
before failure. In the secondary zone of deformation, the 
material fails, and stress decreases up to zero due to the 
failure evolution definition.

Equivalent plastic strain distribution matches with dam-
age values (SDEG) presented in Fig. 6c, reaching in both 
cases the highest values over the cutting surface and second-
ary shear zone; this is, the damage criterion prevents plas-
tic deformation to spread along chip surface as it occurred 
with no criterion damage. This sawtooth-like chip has been 
obtained from different experimental studies, for different 
materials and cutting conditions [3, 12]. Model 4 was the 
best, showing periodically serrated chip flow.

A higher 
_

u
pl value is related to thickness variation and 

chip morphology; low 
_

u
pl values allow sawtooth-like chip, 

as this value increases morphology tends to a wavy chip with 
lower thickness variation up to a continuous chip, where 
shear bands can be identified; but as damage values remain 
under 0.4, chip segmentation was not reached.

Cutting forces computed from different models and 
experimental cutting forces obtained by Artozoul et al. [21] 
are summarized in Fig. 7. Model 1 exhibits a continuous 
increase in cutting force up to 1 mm of tool stroke; after that, 
cutting force values remain still around 1540 N; no failure 
criterion generates a continuous chip that increases contact 
length, when the maximum contact length is reached, also 
is cutting force values.

Fig. 7   Cutting forces
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Table 5   Tool properties [21]

Density ��∕�3 Thermal conductivity 
�∕��

Thermal capacity 
�∕���

11,100 37.7 276

Table 6   Comparison between experimental results and numerical 
models

F
c

[N]
Relative error
[%]

F
c
 max

[N]
Relative error
[%]

Experimental 
[12]

1100 –-

Model 1 1539.9 39.99 1666.3 51.48
Model 2 800.1 27.26 1010.6 8.1
Model 3 762.6 30.66 878.8 20.1
Model 4 646.4 41.23 745.1 32.2
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Models 2, 3, and 4 present similar behavior; cutting forces 
increase up to a maximum value where the onset of a new 
adiabatic shear band (ASB) is accompanied by a pronounced 
load applied to the cutting tool material separation initiates; 
after that, cutting forces decrease, and an oscillation around 
an average value can be identified. Cutting forces during 
material separation depend on the failure criterion value; as 
_

u
pl values increases, the maximum value is reached, and the 

dropping magnitude rises. The oscillation amplitude around 
the average cutting value and the time in which it diminishes 
increase as 

_

u
pl decreases. Every cutting force drop corre-

sponds to a completely formed ASB [12]. Higher oscillation 
amplitudes are related to chip segmentation and thickness 
variation, as big is chip segmentation; the difference between 
the maximum and minimal force variation increases. Aver-
age cutting forces depend on 

_

u
pl values, being necessary for 

a higher force to the continue cutting process as 
_

u
pl value 

increases.
Models with damage criteria underestimate experimental 

cutting forces as shown in Table 6. Model 1 overestimated 
cutting forces due to no failure criterion used; models 3 and 
4 showed higher relative error among models with damage 
criterion, presenting 30.66% and 41.23%, respectively, for 
average cutting force due to the lower values of 

_

u
pl.

The cutting force from model 2 reaches a maximum 
value of 1010.6 N, representing the lowest relative error 
obtained, 8.1%. However, the average value decreases up 
to 800.1 N, with a relative error of 27.26%. Then higher 
_

u
pl values represent less error percentage.

Table 7 shows the computational time for each model; 
model 4 is almost 8 times longer than model 1 and model 2 
and is almost 10 times longer. These times are comparable 
to purely Lagrangian models that reported 8 h for a simple 
model and 130 h for a complex model [30].

4 � Conclusions

The study in this paper demonstrates the ability of the CEL 
method to model cutting processes and phenomena that 
involve material separation; it also shows that the value 
of the experimental forces and temperature is within the 
range of the values obtained in the models developed.

The minimum relative error to force Fc was 27.6% 
(model 2), and for maximum force Fc, it was 8.1%. Errors 

can be minimized by introducing more complex models 
to simulate the failure evolution so that it will postpone 
the moment, and the stress value of the material is modi-
fied after the failure, which affects the contact length and 
shearing forces.

Under an equivalent plastic displacement variation and 
failure evolution parameters, it was simulated segmented and 
continuous chip formation, presenting the cutting plane and 
bands of cutting, as well as the formation of the segments 
(saw-tooth) characteristic of a segmented chip.

Coupled thermo-mechanical cutting process modeling 
was successfully achieved since the model 1 temperature 
fields presented values approximate to the experimental with 
a relative error of 11.2%.
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